Biological conversion of solar energy into hydrogen is naturally realized by some microalgae species due to a coupling between the photosynthetic electron transport chain and a plastidial hydrogenase. While promising for the production of clean and sustainable hydrogen, this process requires improvement to be economically viable. Two pathways, called direct and indirect photoproduction, lead to sustained hydrogen production in sulfur-deprived Chlamydomonas reinhardtii cultures. The indirect pathway allows an efficient time-based separation of O 2 and H 2 production, thus overcoming the O 2 sensitivity of the hydrogenase, but its activity is low. With the aim of identifying the limiting step of hydrogen production, we succeeded in overexpressing the plastidial type II NAD(P)H dehydrogenase (NDA2). We report that transplastomic strains overexpressing NDA2 show an increased activity of nonphotochemical reduction of plastoquinones (PQs). While hydrogen production by the direct pathway, involving the linear electron flow from photosystem II to photosystem I, was not affected by NDA2 overexpression, the rate of hydrogen production by the indirect pathway was increased in conditions, such as nutrient limitation, where soluble electron donors are not limiting. An increased intracellular starch was observed in response to nutrient deprivation in strains overexpressing NDA2. It is concluded that activity of the indirect pathway is limited by the nonphotochemical reduction of PQs, either by the pool size of soluble electron donors or by the PQ-reducing activity of NDA2 in nutrient-limited conditions. We discuss these data in relation to limitations and biotechnological improvement of hydrogen photoproduction in microalgae.
A number of microalgal and cyanobacterial species are able to convert solar energy into hydrogen by photobiological processes and are therefore considered promising organisms for developing clean and sustainable hydrogen production (Benemann, 2000; Ghirardi et al., 2000; Rupprecht et al., 2006) . In microalgae, hydrogen photoproduction results from coupling the photosynthetic electron transport chain and a plastidial [FeFe] hydrogenase. Under most conditions, hydrogen photoproduction is a transient phenomenon that lasts from several seconds to a few minutes Melis and Happe, 2001) . It has been considered a relic of evolution that may now serve, under certain environmental conditions, such as induction of photosynthesis in anoxia (Ghysels et al., 2013) , as a safety valve that protects the photosynthetic electron transport chain from photodamage that results from overreduction of electron acceptors (Kessler, 1973; Tolleter et al., 2011) . A major limitation to sustained hydrogen photoproduction is due to the oxygen sensitivity of the [FeFe] hydrogenase (Happe et al., 2002; Stripp et al., 2009) . Melis et al. (2000) proposed an elegant way to overcome this oxygen sensitivity through a time-based separation of hydrogen and oxygen production phases occurring, for instance, in response to sulfur deficiency in a closed environment. Another limitation is related to the electron supply for the hydrogenase coming from the photosynthetic electron transport chain . This limitation is partly due to the fact that other metabolic pathways, such as ferredoxin-NADP 1 reductase and CO 2 fixation, compete with the hydrogenase for the use of reduced ferredoxin (Gaffron and Rubin, 1942; Hemschemeier et al., 2008) . This is also due to upstream regulation of the electron transport chain, recently evidenced from the study of a Chlamydomonas reinhardtii mutant affected in proton gradient regulation-like1 (PGRL1)-mediated cyclic electron flow (CEF) around PSI. The strong enhancement of hydrogen production rates observed in the pgrl1 mutant was interpreted as the release of a control exerted by the transthylakoidal pH gradient on electron supply to the hydrogenase (Tolleter et al., 2011) .
Two pathways, direct or indirect, can supply electrons to the hydrogenase (Benemann, 2000; Melis and Happe, 2001; Chochois et al., 2009 ). In the direct pathway, the whole electron transport chain is engaged, with PSII supplying electrons to the plastoquinone (PQ) pool, the cytochrome b 6 /f complex, and, in turn, PSI, ferredoxin, and the [FeFe] hydrogenase. Due to the high oxygen sensitivity of the [FeFe] hydrogenase and to the fact that O 2 is produced during photosynthesis at PSII, the direct pathway only operates when PSII activity is lower than mitochondrial respiration, thereby allowing anaerobiosis to be maintained. Such conditions can be obtained by decreasing PSII activity either by means of sulfur deprivation or by decreasing light intensity in the photobioreactor (Degrenne et al., 2010) . In the indirect pathway, reducing equivalents, stored as starch during the aerobic phase, are subsequently used to fuel hydrogen production. This implies a nonphotochemical reduction of the PQ pool that is at least in part mediated by NDA2, a type II NADH dehydrogenase discovered in C. reinhardtii chloroplasts (Desplats et al., 2009) . RNA interference lines expressing lower levels of NDA2 show lower hydrogen production rates, and it was concluded that NDA2 is involved in hydrogen production by the indirect pathway (Jans et al., 2008; Mignolet et al., 2012) . The indirect pathway allows for an efficient time-based separation of O 2 -and H 2 -producing phases because it does not involve PSII activity and does not produce O 2 . However, the indirect pathway has a much lower rate than the direct pathway Antal et al., 2009; Chochois et al., 2009) . With the aim to identify limiting steps of hydrogen production in microalgae, we attempted to overexpress NDA2 in C. reinhardtii chloroplasts. We report that algal strains displaying a 2-fold increase in NDA2 show an increased nonphotochemical reduction of PQs and an increased rate of hydrogen production by the indirect pathway, the latter being only observed in conditions where stromal reducing equivalents are available in sufficient amounts.
RESULTS
Overproduction of NDA2 was attempted by using transformation of the plastidial genome. In contrast to nuclear transformation, which proceeds by random insertion of the recipient DNA, plastid transformation proceeds by homologous recombination, therefore allowing integration at specific sites in the genome that are favorable to transgene expression (Day and GoldschmidtClermont, 2011) . Moreover, plastid gene expression allows significant overexpression of transgenes, provided the overexpressed gene respects the codon usage of the adenine thymine (AT)-rich plastid genome (Franklin et al., 2002) . A synthetic Chlamydomonas reinhardtii NDA2 (CrNDA2) gene, recoded with a codon usage optimized for chloroplast expression (Supplemental Fig. S1 ), was placed under the control of the psaA promoter and cloned into the atpB-int vector for plastidial transformation (Fig.  1A) . The atpB-int vector harbors a wild-type copy of the plastidial atpB gene encoding a subunit of the plastidial ATPase (Michelet et al., 2011) . Upon transformation of the ATPase-deficient mutant FUD50, which is nonphototrophic due to a deletion in the plastidial atpB gene (Lemaire et al., 1988) , transplastomic strains were screened for their ability to recover photoautotrophic growth on a minimal medium. A transformation control, obtained by transforming the FUD50 strain with the same vector containing the aadA cassette instead of the CrNDA2 gene (Fig. 1A) , was used as a control strain in further experiments. Photoautotrophic clones showed insertion of the synthetic CrNDA2 gene in the plastid genome (Fig.  1B) . Furthermore, strains used for subsequent analysis were homoplasmic and thus had every deleted atpB site replaced with a functional atpB gene (Fig. 1B) . Immunodetection, realized using an antibody produced against recombinant CrNDA2 (Desplats et al., 2009) , showed that CrNDA2 was overexpressed by about 1.7-fold in the transplastomic CrNDA2 + strain compared with the control strain (Fig. 1C) . We first checked that growth performances and photosynthetic electron transport activity are similar in CrNDA2 + and control cells (Supplemental Fig. S2 ). Abundance of major photosynthetic complexes was not affected in CrNDA2 + , except for a slight decrease in PSI amounts (Supplemental Fig. S3 ). We then analyzed low-temperature (77 K) chlorophyll fluorescence spectra, which showed an increased emission peak at 715 nm in CrNDA2 + when compared with wild-type controls (Fig.  1D ). This effect may result from different phenomena. It may be the consequence of an increased reducing state of PQ that would lower the proportion of Light Harvesting Complexes (LHCs) connected to PSII by the mechanisms of state transition (Allen et al., 1981; Wollman and Delepelaire, 1984) . It may also result from changes in the cellular content of photosystems and light-harvesting complexes.
Therefore, to get a clear insight into the effect of NDA2 overexpression on PQ reduction, P700 oxidation/reduction kinetics and activity of CEF around PSI were analyzed. NDA2 has been previously shown to mediate CEF activity under aerobic conditions (Jans et al., 2008; Alric, 2010) . P700 oxidation/reduction kinetics were measured in CrNDA2 + and control cells upon addition of the PSII inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU; Fig. 2 ). Upon illumination, P700 was oxidized, resulting in a bleaching in the 705-nm absorption band, followed by reduction upon return to the dark (Fig. 2, A-C) . Under low-light illumination (46 mmol photons m -2 s -1 ), accumulation of P700 + was more pronounced in the control than in the CrNDA2 + strain ( Fig. 2A) . At higher light (240 mmol photons m -2 s -1
), more P700 + accumulated in both strains, but a significant difference remained between CrNDA2 + and control cells (Fig. 2B) . Finally, at a near-saturating light intensity (750 mmol photons m -2 s -1 ), the difference between the two strains almost fully disappeared (Fig.  2C) . Therefore, despite a decrease in the PSAD subunit amount (Supplemental Fig. S3 ), PSI activity was not affected in the CrNDA2 + strain. The P700 + rereduction rate in the dark, often used as a measurement of CEF activity (Alric, 2010; Tolleter et al., 2011) , was faster in CrNDA2 + than in the control cells (Fig. 2D) . It is concluded from these measurements that overexpression of NDA2 activity increases the reducing state of the PQ pool, resulting in a more reduced P700 + and a higher CEF activity.
Hydrogen photoproduction was then measured in anaerobic conditions in both control and CrNDA2 + cells, first during short-term (miniature-scale) experiments using a membrane inlet mass spectrometer (Tolleter et al., 2011) . In this experiment, anaerobiosis was maintained by addition of Glc and Glc oxidase to the medium, and DCMU was added to determine the activity of the indirect pathway of hydrogen production. In these conditions, the rate of hydrogen production rapidly declined both in control and CrNDA2 + cells (Fig. 3 , A and B). To determine whether the proton gradient may limit the electron flow by the indirect pathway to the hydrogenase, or by the direct pathway as previously reported (Tolleter et al., 2011) , the effect of the uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) was studied. In these conditions, FCCP did not increase hydrogen production measured in the absence of DCMU (mainly due to the indirect pathway) either in . It was then postulated that hydrogen production by the indirect pathway might be limited by the electron supply to the NAD(P)H dehydrogenase NDA2. To test this hypothesis, the following experiments were performed in conditions of sulfur deprivation, which triggers massive accumulation of starch and sustained hydrogen photoproduction . After a 2-d sulfur deprivation, hydrogen was produced at a constant rate in control cells, thus indicating that the pool of electron donors is no longer limiting (Fig. 3, C and D) . In CrNDA2 + cells, the hydrogen production rate was twice that of control cells and was constant during the illumination period. Again, addition of FCCP to sulfur-deprived cells had no significant additive effect to the higher yields witnessed in the NDA2 overexpressor (or in the control) driven by the indirect pathway (Supplemental Fig. S3F ). Note that hydrogen production rates measured in the dark were similar in . C, Light intensity was 750 mmol photons m -2 s -1 . D, Zoom on the P700 + rereduction kinetics in the dark after an illumination at 240 mmol photons m -2 s -1 . Control (gray lines) and CrNDA2 + cells (black lines). The P700-to-chlorophyll ratio, which was determined as described by Johnson and Alric (2012) , was 1,100:1. Shown are means 6 SDs (n = 3). 
CrNDA2
+ and control cells (0.54 6 0.10 and 0.64 6 0.21 nmol H 2 min -1 mg -1 chlorophyll, respectively, means 6 SD of three biological replicates). It is concluded from these short-term experiments that an increase in NDA2 protein amounts may actually increase the rate of hydrogen production by the indirect pathway, provided electron donors are not limiting. Note that although the increased rate of hydrogen production by the indirect pathway most likely results from a direct effect of Nda2 overexpression, the contribution of indirect effects cannot be excluded because the reducing state of PQs is a major signal for changes in gene expression that may affect different processes, including the levels of photosystems, light-harvesting complexes, or enzymes (Dietz and Pfannschmidt, 2011) .
Hydrogen production was then measured over the long term in conditions of sulfur deprivation. In these conditions, sustained hydrogen production occurs (Fig.  4, A and B ), due to PSII activity being decreased below the activity of mitochondrial respiration, resulting in the establishment of anoxia and the induction of the hydrogenase . In parallel, cells accumulate intracellular starch (Fig. 4, C and D) , which is subsequently used to fuel mitochondrial respiration (allowing H 2 production by the direct pathway) or PQ reduction (allowing H 2 production by the indirect pathway). In the absence of DCMU, conditions in which the direct pathway prevails (Chochois et al., 2009) , no difference in hydrogen production was observed between control and CrNDA2 + (Fig. 4A) . In DCMU-treated cells, a strong increase in the hydrogen production rate was observed in CrNDA2 + cells during the first 6 h of hydrogen production (Fig. 4B) . Both control and CrNDA2 + cells then reached a similar hydrogen level after 50 h of sulfur deprivation. Starch degradation was much faster in the presence of DCMU (Fig. 4D ) that in its absence (Fig. 4C) , reflecting a higher dependence of the indirect pathway on starch catabolism (Chochois et al., 2009 ). Intracellular starch reached higher levels and starch breakdown was faster in CrNDA2 + cells than in controls (Fig. 4, C and D) . The decrease in long-term hydrogen production observed in the overexpressor CrNDA2 + line correlated with the rapid disappearance of the intracellular starch pool.
DISCUSSION
It has been shown here that overexpression of the plastidial NDA2 leads to an increased activity of nonphotochemical reduction of PQs and to an enhanced hydrogen production rate by the indirect pathway (measured in the absence of PSII), the latter being essentially observed in conditions of nutrient depletion. For cells grown in optimal conditions (nutrient replete), NDA2 overexpression has a negligible effect on hydrogen photoproduction, thus indicating that the availability of NDA2 electron donors [NAD(P)H or NADH] likely limits the in vivo activity of the enzyme. However, under conditions of nutrient limitation, conditions where the intracellular starch pool is increased and the reducing state of stromal electron carriers is higher (Peltier and Schmidt, 1991; Grossman, 2000) , higher hydrogen production rates by the indirect pathway are observed (Fig.  3, C and D) . Note, however, that in conditions of nutrient deprivation, hydrogen production by the direct pathway (measured in the absence of DCMU) was not increased in CrNDA2 + cells (Fig. 4A) , showing that PSII can fully reduce the PQ pool in a photochemical manner without significant additional effect of nonphotochemical reduction by NDA2. Figure 4 . Long-term hydrogen production and intracellular starch contents measured in response to sulfur deficiency. Exponentially growing cells were centrifuged, resuspended in a sulfur-free medium (the initial cellular concentration was 4 3 10 6 cells mL -1 , corresponding to 18 mg chlorophyll mL -1 ), and transferred in illuminated (200 mmol photons m -2 s -1 ) sealed flasks. From 0 to 24 h, the cell concentration increased from 4 3 10 6 to 10 7 cells mL -1 and then remained constant. At 24 h (as indicated by an arrow), the cell suspension was bubbled with N 2 to remove residual O 2 and synchronize hydrogen production. A, Hydrogen production measured in the absence of DCMU. B, Hydrogen production measured in the presence of 20 mM DCMU. C, Intracellular starch measured as Glc equivalents during sulfur deficiency experiments performed in the absence of DCMU. D, Intracellular starch measured as Glc equivalents during sulfur deficiency experiment performed in the presence of 20 mM DCMU. Control (white circles) and CrNDA2 + cells (black circles). Shown are means 6 SDs (n = 3 for A and B; n = 5 for C and D). chl, Chlorophyll.
It was recently proposed, from the study of a C. reinhardtii mutant (pgrl1) deficient in PGRL1-mediated CEF around PSI, that the proton gradient generated by CEF strongly inhibits the electron supply to the hydrogenase in wild-type strains (Tolleter et al., 2011) . Based on the fact that hydrogen production measured in conditions of sulfur deficiency, either in the presence or in the absence of DCMU, was enhanced in the pgrl1 mutant, it was proposed that the transthylakoidal proton gradient limits hydrogen production by both the direct and indirect pathway (Tolleter et al., 2011) . The absence of uncoupler effect on short-term hydrogen production measured in the presence of DCMU (Supplemental Fig. S4 , E and F) shows, however, that in the conditions of our experiments, the proton gradient does not actually slow down the activity of the indirect pathway. In fact, it is most likely that both pathways (direct and indirect) are similarly sensitive to the proton gradient, because they both contain the proton gradient-sensitive electron carrier (i.e. the cytochrome b 6 /f complex). The apparent insensitivity of the indirect pathway to FCCP is likely due to the fact that less proton gradient accumulates during the indirect pathway than during the direct one. Unlike PSII, which contributes to the proton gradient by releasing four protons per O 2 molecule produced, type 2 NADH dehydrogenases such as CrNDA2 are non-proton-pumping enzymes (Yagi, 1991; Peltier and Cournac, 2002) . In this context, the long-term stimulation of hydrogen production previously observed in pgrl1 DCMU-treated cells in response to sulfur deprivation may result from an indirect effect, such as an increased activity of nonphotochemical reduction of the PQ pool in the pgrl1 mutant. We therefore conclude that if the direct pathway is controlled by the proton gradient through a modulation of the cytochrome b 6 /f complex activity (Tolleter et al., 2011;  Fig. 5A ), activity of the indirect pathway can be limited by NDA2 activity, but only in conditions (such as nutrient deprivation) in which the stromal donor electron pool of NAD(P)H originating from starch catabolism is not limiting (Fig. 5B) .
Long-term sulfur deprivation experiments (Fig. 4 ) confirm the strong dependence of the indirect pathway upon starch catabolism previously reported from the study of C. reinhardtii mutants either deficient in starch biosynthesis (Posewitz et al., 2004; Chochois et al., 2009) or starch breakdown (Chochois et al., 2010) . The faster decline in intracellular starch observed in DCMU-treated CrNDA2 + cells parallels the higher hydrogen production rate observed in the mutant. The higher starch accumulation observed in CrNDA2 + cells, compared with control cells (Fig. 4, C and D) , may indicate an involvement of the PQ-reducing state in regulating intracellular starch accumulation. Actually, the reducing state of the PQ pool acts as a cellular sensor regulating several cellular processes, including LHCII phosphorylation during state transition, gene expression or translation, or metabolic adjustments (Dietz and Pfannschmidt, 2011) . Also, starch accumulation generally occurs in conditions, such as high light, nutrient starvation, or the presence of acetate, that provoke higher reduction of the PQ pool. Further studies will be needed to determine whether the PQreducing state or the imbalance between the reducing state of stromal carriers and the PQ pool occurring in CrNDA2 + cells is involved in the regulation of starch metabolism.
The indirect pathway of hydrogen production displays interesting features for future biotechnological applications. Due to the O 2 sensitivity of the hydrogenase, hydrogen production by the direct pathway is limited by the ability of respiration to consume O 2 produced by PSII. The indirect pathway allows an efficient time-based separation of O 2 -and H 2 -producing phases. Based on engineering and economic analysis, Benemann (2000) concluded that the most plausible processes for future applications are those coupling stages of carbohydrate synthesis with stages of hydrogen production. However, until recently, the contribution of the indirect pathway to hydrogen photoproduction was considered marginal and was estimated to be between 10% and 20% of the activity of the direct pathway (Antal et al., 2003 ; Fouchard et al., Figure 5 . Schematic views of electron transfer pathways and limiting steps of direct and indirect hydrogen photoproduction. A, In the direct pathway, reducing equivalents generated at PSII are sequentially transferred to PQ, the cytochrome (Cyt) b 6 /f complex, plastocyanin (Pc), PSI, ferredoxin (Fd), and the hydrogenase (H 2 ase). The direct pathway has been proposed to be controlled by the proton gradient at the level of the cytochrome b 6 /f complex (Tolleter et al., 2011) . B, In the indirect pathway, reducing equivalents generated by the photosynthetic electron transport chain during an aerobic phase are transiently stored as starch and, in turn, reinjected in the intersystem electron transport chain by NDA2 reducing PQs. According to this study, NDA2 activity limits the indirect pathway, provided the stromal electron donor pool, i.e. NAD(P)H supplied by starch catabolism, is not limiting. Electron transfer pathways are shown by arrows, and their respective limiting steps (cytochrome b 6 /f for the direct and NDA2 for the indirect) are surrounded by a gray light.
2005).
We have shown here that overexpression of NDA2 may lead to a strong enhancement of the indirect hydrogen photoproduction rate, provided the pool of electron donors is not limiting. In sulfur-deprived CrNDA2 + cells, the rate of the indirect pathway reached, during a few hours, a level close to that of the direct pathway (compare the rate of hydrogen production in Fig. 4, A and B) . The fast decline in intracellular starch reserves observed in these conditions in CrNDA2 + cells (Fig. 4D ) most likely explains the rapid decline in the hydrogen production rate.
The strong enhancement of the indirect pathway's activity, obtained here by genetic engineering, opens new perspectives and challenges for developing optimized protocols of hydrogen production. An advantage of the indirect pathway is related to its lower quantum requirement. Because the indirect pathway requires only PSI to convert starch into hydrogen, the quantum yield of hydrogen production is divided by two during the hydrogen production phase, compared with that of the direct pathway, which requires two photosystems during the hydrogen production phase. This lower quantum requirement would represent an economic advantage in a two-step protocol, because the size of the hydrogentight photobioreactor required to recover hydrogen gas could be divided by two. One could therefore imagine experimental protocols in which algae are grown in lowcost photobioreactors or raceways during the aerobic phase and transferred to hydrogen-tight (more costly) photobioreactors during sulfur deprivation. In this context, increasing the rate of the second step, which converts carbohydrates into hydrogen, would have a significant economic impact. Note however that, as shown by the rapid decline in starch observed in CrNDA2 + cells, a future challenge toward improving microalgae hydrogen production will be the optimization of starch accumulation. Furthermore, relying on the indirect pathway requires PSII activity to be controlled in a reversible manner. In our experiments, PSII activity was inhibited by addition of DCMU. In that context, the use of inducible promoters that have been previously reported to control PSII activity and hydrogen production (Surzycki et al., 2007) will be particularly helpful.
MATERIALS AND METHODS

Strains, Culture Conditions, and Chemicals
The Chlamydomonas reinhardtii FUD50 strain, a nonphototrophic mutant due to a deletion in the plastidial atpB gene (Lemaire et al., 1988) , the CrNDA2 + transformant strain, and a transformation control were grown mixotrophically on a Tris acetate phosphate (TAP) medium under continuous light (100 mmol photons m -2 s -1 photosynthetically active radiation [PAR] ). Exponentially dividing cells grown on a TAP medium were used in all experiments. All chemicals were purchased from Sigma.
Vector Construct, Plastid Transformation, and Genotyping A synthetic CrNDA2 gene was designed using the chloroplast codon usage of C. reinhardtii chloroplast (Kazusa Codon Usage Database) and integrated in the atpB-int vector (Michelet et al., 2011) . While the oligonucleotide coding sequence of the native C. reinhardtii CrNDA2 is 64% guanine-cytosine rich, the synthetic gene is 35% guanine-cytosine rich.
The pCLE-CrNDA2 plasmid was derived from pCLE (Michelet et al., 2011) by replacing the aadA coding sequence excised with the synthetic CrNDA2 gene using NcoI and SphI restriction sites engineered in the synthetic DNA. In pCLE-CrNDA2, CrNDA2 expression was placed under the control of the psaA promoter and the rbcL 39 untranslated region (UTR; Michelet et al., 2011) . For plastid transformation experiments, cells were grown in TAP medium in the dark until reaching a 4 3 10 6 cells mL -1 density and then plated onto minimalmedium (Harris, 1989) agar plates. After high-pressure (7 kg cm 22 helium gun bombardment with gold particles (Seashell Technology) coated with the atpB-int vectors (Michelet et al., 2011) , transformed cells were grown photoautotrophically at a light intensity of 100 mmol photons m -2 s -1 . Transformation controls were realized by transforming the FUD50 strain with the same vector containing the aadA cassette instead of the CrNDA2 gene. For genotyping of transformants, a rapid total DNA extraction was performed with Chelex 100 (Sigma) adapted from Werner and Mergenhagen, 1998 . The chloroplast DNA loading control was performed by PCR on 16S (forward primer: 59-tccatggagagtttgatcctg-39 and reverse primer: 59-tcctctcagaccagctactgc-39; melting temperature [Tm], 50°C). Homoplasmy for CpNDA2 insertion was verified by PCR (forward: 59-ctcttcaacgctatattccacaaa-39 and reverse: 59-aagtaaacttagggattttaatgcaataaa-39; Tm, 50°C; 45 cycles; see asterisks in Fig. 1A ) by the lack of amplification of the original FUD50 DNA sequence inside the homologous recombination region (Fig. 1A) . A PCR was performed also on a FUD50 strain as a positive control. Presence of CrNDA2 was verified with specific primers (forward: 59-tgttaactgaaccaacagccata-39 and reverse: 59-agtggttggggtgctatgtc-39; Tm, 53°C). PCR was performed with GoTaq (Promega), with 60°C as the elongation temperature.
Immunoblot Analysis
For immunoblot analysis, 2 3 10 7 cells were harvested and lysed by sonication in 200 mL of HEPES buffer (200 mM, pH 7.5) containing 150 mM NaCl and a protease inhibitor cocktail for plant cells (P8849 Sigma-Aldrich). After precipitation by addition of 920 mL of acetone and 30 mL of SDS, the protein pellet was resuspended in denaturing blue NuPAGE (Invitrogen) to obtain a final total protein concentration of 1 mg mL
. About 10 mg of proteins were loaded on 13% (w/v) SDS-PAGE gels and transferred to nitrocellulose membrane using a semidry transfer technique. Immunodetection was performed using antibodies against PSAD (PSI subunit), PSBD (PSII subunit), and Cyt f (subunit of the cytochrome b 6 /f complex), all purchased from Agrisera. An antibody risen against recombinant CrNDA2 (Desplats et al., 2009) , recognizing both native and plastidial expressed NDA2s because these two proteins have the same amino acid sequence, was used to characterize NDA2 overexpression. A goat anti-rabbit IgG peroxidase-conjugated antibody (A-6154 Sigma) coupled to SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) was used for the detection. After image recording using a G:BOX Chemi XL (Syngene), the GeneTools software (Syngene) was used for quantitative analysis.
Chlorophyll Fluorescence Measurements
Chlorophyll fluorescence measurements were performed using a Dual Pam-100 (Heinz Walz). One and one-half milliliters of samples was placed into a cuvette under constant stirring at room temperature (23°C). Upon sampling, NaHCO 3 (5 mM final concentration) and MOPS buffer (1 mM final concentration, pH 7.5) were added. For electron transport rate measurements, actinic light was increased stepwise (every 30 s) up to 950 mmol photons m -2 s -1 .
Saturating flashes (10,000 mmol photons m -2 s -1 , 200-ms duration) were supplied at different time points, and electron transport rate was calculated as described previously (Rumeau et al., 2005) . For measurements of the maximum photochemical efficiency of PSII, samples were dark adapted for 30 min. Low-temperature fluorescence spectra were measured on whole cells at 77 K by using a SAFAS Xenius optical fiber fluorescence spectrophotometer (http://www. safas-monaco.com). Cells were grown mixotrophically under 100 mmol photons m -2 s -1 light intensity. One and one-half milliliters of cell suspension (approximately 18 mg chlorophyll mL ) was frozen in a liquid nitrogen bath cryostat (Optisat DN; http://www.oxford-instruments.com). The excitation wavelength was 440 nm, and excitation and emission slits were 10 and 5 nm, respectively.
Spectroscopic Analysis
Light-induced absorbance changes associated to P700 were measured at 705 nm as described previously (Alric et al., 2010) with a JTS 10 (BioLogic) 
Mass Spectrometer Measurements of Hydrogen Production
Short-term rates of hydrogen production were determined using a waterjacketed thermoregulated (25°C) reaction vessel (1.5 mL) coupled to a mass spectrometer (model Prima dB; Thermo Electron) through a membrane inlet system. The cell suspension (approximately 18 mg chlorophyll mL -1 ) was placed into sealed flasks in the presence of Glc (20 mM final concentration) and Glc oxidase/catalase cocktail (10 and 5,000 units, respectively) in the dark and bubbled with N 2 gas for 5 min. After a 45-min induction period in the dark and anoxia, the suspension was transferred to the reaction vessel. Although the hydrogenase was not fully induced in these conditions, H 2 production rates were not limited by the hydrogenase activity because, in these conditions, addition of FCCP strongly increased the H 2 production rate (Tolleter et al., 2011) . After 5 min in the dark, the suspension was illuminated at 800 mmol photons m -2 s -1
. In some experiments, DCMU (20 mM final concentration) or FCCP (2 mM final concentration) were added 4 min before illumination. H 2 concentrations were monitored, and gas exchange rates were determined as described previously .
Long-term H 2 production was measured under conditions of sulfur deficiency (Chochois et al., 2009 ). Cells were grown in TAP medium until reaching 5 3 10 6 cells mL -1 and then washed three times and resuspended in a sulfurdeprived medium at time zero in sealed 250-mL glass flasks (Schott). Cultures were placed under continuous illumination (200 mmol photons m -2 s -1 PAR)
with constant stirring at room temperature (25°C). In some experiments, DCMU was added (20 mM final concentration) to the cell suspension at 24 h. To ensure that anoxia was reached simultaneously in the different flasks, all flasks were bubbled with N 2 for 6 min after 24 h. H 2 and O 2 concentrations of the gas phase were analyzed from a 500-mL gas sample at different time intervals using a mass spectrometer (Prisma QMS 200, Pfeiffer Vacuum).
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